Portal-arterial (P-A) differences and portal blood flow were used to calculate absorption of l~C-ghicose administered into the duodenum, from the small intestine of calves. Unabsorbed radioactivitv was measured at the terminal ileum.
Introduction
In vivo absorption from sections of the ruminant gastrointestinal tract has been calculated by various indirect methods, each involving concentration changes of nutrients relative to a nonabsorbable marker. Even though these methods have allowed qualitative comparisons of absorption they all are complicated by factors that influence nutrient concentrations and absorption rate. Furthermore, nutrient disappearace is assumed sometime to equal absorption. This may not be a valid assumption. Thus, there is interest in utilizing direct methods for quantitating gastrointestinal absorption by combining arterioportal (A-V) nutrient concentration differences and portal blood flow.
The detailed theory of A-V concentration differences in steady and nonsteady-states for measuring metabolism (absorption) has been discussed by Zierler (24) . Blood flow must be known; and ff blood metabolite concentrations change significantly during the experimental period, the function describing this change should be defined. This means that concentrations should be measured often enough to define the function. These conditions have been difficult to achieve in in vivo absorption studies with unanesthetized animals beeanse of vaa'iation in portal blood flow (17, 23) . In addition, metabolites often fluctuate, and A-V differences are often small. Nevertheless, there are reports that have used this direct metfiod for measurement of absorption from the gastrointestinal tract in sheep (1, 2, 4, 14, 18) and in calves (6) . However, there have been no studies reported which have evaluated the direct method in vivo.
Our objective was to evaluate the direct method for measuring in vivo absorption by glucose absorption from the bovine small intestine as the experimental model.
Experimental Procedures
The general plan of these experiments was to introduce a known amount of radioactivity into the duodenum of the calf and directly to measure absorption of radioactivity into the blood. If the direct method of measuring absorption is valid, the sum of the absorbed radioactivity (measured by P-A differences and portal blood flow) and the unabsorbed amount collected in ileal digesta should approximate 100~ of the dose.
Calves from the Iowa State University dairy herd, weighing 150 to 200 kg, were surgically equipped with an aorta catheter, hydraulic needle for sampling portal blood, mesenteric vein dye injection catheter, duodenal infusion tube for administration of 14C-glucose, and reentrant ileal cannula for collection of unabsorbed radioactivity (23) .
Test solutions for absorption studies conrained 50f~ (w/v) glucose and were prepared according to calf weight. Doses were .35, .70, or 1.40 g glueose/kg body weight. Final volume of each solution was measured, and the glucose was labeled by addition of about 500 /zCi UL-14C-glucese. 3 An aliquot of each test solution was saved for determination of radioactivity.
Each calf was fed concentrate (23) before an experiment and, after being weighed, was brought into the nutrition laboratory and placed in a metabolism stall. The test solution was infused (within 3 to 5 min) via the duodenal catheter after 0-time blood and digesta samples were taken and portal blood flow was determined. Subsequently, blood samples of at least 23 ml were simultaneously withdrawn via arterial and portalcatheters at 0, .5, 1, 1.5, 2, 2.5, 3, 4, 5 hr.
Portal blood flow was determined by the dye-dilution technique (23) after each blood sampling. When possible, at least three dyedilution curves were recorded at each interval. A saline flush was used for dye injection in all experiments with calf 6416 and in two experiments with calf 6435 (10-21 and 10-26). A pneumatic injector was used in all experiments with calves 6461 and 6371 and in three experiments with 6435 (12-19, 12-21, and 12-23).
The re-entrant cannula was disconnected and total collection of digesta begun before administration of the test solution. A curved Plexiglas® tube, with a length of drainage tubing attached, was inserted into the proximal cannula; the distal cannula was stoppered to prevent loss of intestinal secretions. The drainage tubing led to a bedside drainage bag 4 in which digesta were collected and immediately ~Intemational Chemical and Nuclear Corp., Irving, California. * C. R. Bard, Inc., Murray Hill, New Jersey.
stored at --20 C. Bags were changed at different intervals since digesta flow was quite variable.
Analytical techniques. After withdrawal of blood into heparinized syringes, 20 ml of blood were transferred to a centrifuge bottle containing 100 ml of distilled water. Protein was precipitated by the method of Somogyi (21) . After centrifugation of samples at 8,000 x g for 20 rain, the supernatants were filtered and divided for further analyses. Duplicate 30 ml aliquots of digesta were centrifuged at 12,350 x g for 20 min. A protein-free filt~-ate was prepared for each supernatant (21)~ Occasionally, the protein-free filtrates of the digesta were slightly yellow, but this did not interfere with any subsequent analyses. All protein-free filtrates were stored at --20 C until analyzed. Hemoglobin of all blood samples was determined by the method of Van lKampen and Zijlstra (22) . Portal-arterial differences were small and fell within the range of error for duplicate determinations. Therefore, no corrections were made for hemoglobin concentration. Blood glucose was determined by the enzymatic glucose oxidase procedure ~ by using protein-free filtrates.
Total radioactivity of blood and digesta protein-free filtrates was determined by pipetting 3 ml and 2 ml, respectively, of filtrate into a scintillation vial, adding 15 ml XDC counting fluid (5), and counting for 10 rain in a Packard Model 3002 Tri Carb Liquid Scintillation Spectrometer. All counts were corrected for counting efficiency and background and expressed as disintegrations per minute/milliliter of blood or digesta.
Glucose radioactivity of all blood proteinfree filtrates was determined by isolation of the pentaacetate derivative of glucose; (12). Unlabeled glucose (100 mg) was added to 100 ml fractions of protein-free filtrate. Filtrates were freeze-dried and stored at --20 C until analyzed further. Glucose pentaacetate crystals were formed twice, and melting points of each sample were taken to check purity. In all instances, two crystallizations were sufficient.
Absorption calculations. Absorption of total radioactivity, glucose radioactivity', and total glucose (labeled and unlabeled) was calculated from the P-A concentration differences and portal blood flow. Three methods of cal-'culation were compared.
Method I. Absorption for a given time interval was calculated as the product of the Gluoostat x 4, Worthington Biochemical Corp., Freehold, New Jersey. FzG.. 1. Typical arterial mad portal blood radioactivity-time curves obtained after administration of 1'C-glucose into the duodenum of a calf: a) actual data points were plotted and b) a computer graphing routine was used to plot the smooth curve which fit the data points best. P-A difference at the end of that interval and the portal blood flow at that time. In these experiments, the products obtained for the six .5 hr and two 1-hr intervals were summed to give total absorption for the 5-hr experimental period.
Absorption also was calculated with a slight modification of this method. Instead of blood flow for each interval, the over-all mean blood flow for the experiment was used.
Method lI. Radioactivity-time curves for total radioactivity and glucose radioactivity or concentration-time curves for total glucose were constructed by connecting data points with straight lines (Fig. la) . Total areas under both arterial and portal curves were determined by planimetry. Arterial curve area was subtracted from portal curve area. This difference in area was multiplied by the over-all mean blood flow for the experiment to give total absorption for the 5 hr.
Method III. This method was similar to Method II since difference in area of radioactivity-or concentration-time curves of portal and arterial blood was multiplied by the overall experimental mean blood flow. However, computer analysis, rather than planimetry, was JOURNAL OF DAIRY SCIENCE VOL. 55. NO. I0
used to obtain curve areas.
If blood metabolites are not constant, the function describing the change should be defined (24) . Mathematical descriptions of absorption curves, such as the ones in our studies, have been reported (11, 15). The equations are complex and involve constants that cannot be derived from our data. Therefore, Method III was used to produce a function to fit the data.
A computer program converted experimental values for concentration, radioactivity, and time to common log form. Then an n-degree polynomial of the form E(X) = A -tBit q-B2t 2 -t-. • • B,t n, where E(X) = lOglo concentration or log10 radioactivity at a specified time, logier was fitted to the log-log relationship. Polynomials of degree 2, 3, and 4 were fitted to each log-log relationship, and the function that fit the data points best was selected. A graph of predicted values and data points, which was plotted by the computer, was used to select the best function. The coefllcients (A, B1 . . . B4), describing the selected polynomial, were used in a subroutine that used the trapezoidal rule for integration. Values for concentration or radioactivity, Y(1), were predicted at 1-min intervals from the relationship Y(1)=10 ~'cx> and then were used in the integration subroutine to compute area under the curve.
Concentration-or radioactivity-time curves (Fig. lb) , defined at l-rain intervals by the best-fit polynomial, were plotted by a computer graphing routine. The experimental data points were superimposed on the plot to show how well the predicted {unction represented the data. In most instances, the 3rd and 4th degree polynomial fit was most satisfactory.
Results and Discussion
Mean of portal blood Jlow for 14 glucose absorption experiments are in Table 1 . Expressed on a body weight basis, values fell within the range of portal blood flows in sheep (4, 8, 13, 18, 19, 20) and in calves (6, 9, 17, 23) . In general, there was considerable variation among single determinations as in most of the studies. Therefore, flow at a given time during absorption experiments was represented as a mean of several determinations within 1-2 rain (17). Blood flow means were subjected to analysis of variance. Calf 6371, used for a preliminary experiment, was not included in the analysis because it received only one treatment (glucose dose).
Differences in blood flow between animals were not significant. McGiUiard, Thorp, and Thorp (17), who expressed blood flow as ml/sec, observed large variation between animals. However, when their blood flow data were calculated on a body weight basis, differences were smaller. Katz and Bergman (13) found higher portal blood flow in pregnant as compared to nonpregnant sheep. On a body weight basis, the differences between animals were not significant. Bergman, Katz, and Kaufman (4) measured portal blood flow in pregnant and nonpregnant fed or fasted sheep, and demonstrated fairly uniform average blood flows between animals. These sheep were automatically fed at .5-hr intervals so any variation due to feeding was minimized. The nonsignificant treatment effect suggests that portal blood flow was the same whether a calf was fed a concentrate containing predominantly corn or was given different amounts of glucose (hypertonic; 50% solution) via infusion into the duodenum after feeding. With nonruminants, hypertonic glucose infusion or ingestion into the gut causes a large increase in splanchnie and mesenteric blood flow. In fact, blood flow preferentially increases in the segment absorbing the glucose (16). It was not determined ff these increases in regional blood flow caused an increase in portal blood flow. In our studies, the hypertonic glucose may have increased flow to the areas of the duodenum and jejunum that were absorbing glucose. However, a consideration of the portal anatomy (10) suggests this contribution to portal flow is small compared with the total portal flow. In addition, it is believed, in nouruminants at least, that e~diac output may be redistributed during absorption (16) so that duodenal flow would increase while gastric flow, for example, might decrease. Thus, the net effect would be no change in portal blood flow as in our experiments.
The nonsignificant effect of period (time a Sum of .5-hr absorption estimates calculated from .5-hr P-A differences and .5-hr blood flows.
b Sum of .5-hr absorption estimates calculated from .5-hr P-A differences and me~m blood flow for entire experiment.
c (difference ~'. mean ) X 100.
after glucose dose or feeding) suggests no large changes in portal blood flow during the 5-hr experiments. Thus, the over-all experimental mean blood flow was used in absorption calculations rather than individual .5-hr blood flow values. Table 2 presents a further basis for using an over-all mean blood flow in absorption calculations. Absorption of total radioactivity was, in most cases, similar whether mean blood flow or .5-hr blood flow values were used. The mean percentage difference for the 12 experiments was 5.5. In the experiments with 6416, where the differences were large, the shape of the dye-dilution curves often did not meet the criteria for selecting acceptable curves (smoothness, linear upslope, exponential downslope). Thus, blood flow values may have been inaccurate. Postmortem examination revealed that an extensive sheath and thrombus had formed around the mesenteric injection catheter of this calf.
Severe sheathing of a venous dye injection catheter is likely to cause inaccurate dye injection and, thus, cause irregular shaped dye-dilution curves (23) . If some dye is trapped by the sheath during an injection, the dye-dilution curve will have a smaller area, and blood flow will be overestimated. Injection catheters in the other calves also were sheathed to various degrees, but the shape of dye-dilution curves was satisfactory.
Even though over-all experimental mean blood flow can be used for absorption calculations in these studies, variation in single determinations of blood flow and the possible increase in portal blood flow with time after feeding (3, 13) suggest that blood flow should always be determined at each sampling time. Undefined changes in blood flow can lead to serious error in absorption calculations (24) because any inaccuracy in blood flow would become greatly magnified. Most workers who have calculated absorption from P-A differences and portal blood flow have used method I (4, 6, 14, 18) . In two instances, however, portal blood flow, determined at each sampling time, was used in calculations rather than an over-aU mean (1, 2). Three separate absorption calculations (total radioactivity, glucose radioactivity, and total glucose) were made for each of the 12 experiments. Therefore, there were 36 pairs of values involved when linear correlation coefficients were computed for comparing methods of calculation. The correlation coefficients (Table  3) show that any one of the three methods is satisfactory. The variation between some individual values, as calculated by the three methods, was most obvious in cases where the data points of concentration-or radioactivitytime curves did not conform to a smooth curve. Method III is appealing in experiments such as these, where blood metabolite changes during absorption can be described mathematically. The computer output contained cumulative area at each sampling interval. Thus, it is possible to obtain P-A area differences for each sampling interval if blood flow varies and individual blood flow values, rather than an over-all mean, are used for absorption calculations.
Because these experiments depended upon accounting for all radioactivity in the dose, it was essential that absorption of radioactivity in the blood was complete and that all unabsorbed radioactivity was collected in ileal digesta. Absorption of radioactivity was assumed to be complete ff P-A differences were negligible at the end of 5 hr. Collection of unabsorbed radioactivity was assumed to be complete if the radioactivity in digesta had returned to the pre-experimental level. Any radioactivity that remained in the intestinal wall or lumen after 5 hr could not be accounted for, but this amount was assumed small.
Completeness of absorption could not be determined until blood samples were analyzed. The preliminary experiment with 6371 revealed that 5 hr was a sufficient time for absorption of the dose. This animal was not equipped with a re-entrant cannula, so the time required for passage of unabsorbed radioactivity to the ileum could not be observed. Toward the end of most subsequent experiments, the ileal digesta became an intense green. The color was due to indocyanine green dye, which had been cleared by the liver (7) and released into the duodenum via the bile, and then had passed to the ileum. This usually was a good indication that ingesta containing radioactivity had also passed to the ileum.
Absorption of radioactivity or collection of unabsorbed radioactivity was incomplete in two of the 11 recovery experiments performed with 14C-glucose. The data from these two experiments could not be used to measure total c Recoveries m parentheses calculated from best dye-dilution curves of the experiment.
recovery of radioactivity and, therefore, are not included in the summary in Table 4 .
Results of two experiments with 6416 (10-14 and 11-18) revealed extremely high, undoubtedly erroneous, values for total recovery of radioactivity. The shape of dye-dilution curves for these experiments was erratic and probably was responsible for inaccurate portal blood flow values, As already discussed, the extensive sheath and thrombus formation at the tip of the injection catheter could cause gross overestimation of blood flow. If the best dye-dilution curves were selected and the corresponding blood flow values were used in absorption calculations, total recovery was slightly greater than 100% in both of these studies ( Table 4) . The blood radioactivity-time curves revealed no irregularities that could cause large enough errors in P-A differences to account for the extremely high recovery values.
Total recovery values for the remaining seven experiments ranged from 89.2 to 114.4% with a mean of 104.1g. A recovery of less than 100% is possible ff some radioactivity remained in the intestinal wall or lumen at the end of an experiment and, thus, was not accounted for. It is more difficult to explain recovery values greater than 100g. This is especially true in the four experiments with 6435 and 6461 for which dye-dilution curves were acceptable. Assuming that any error in these four experiments was due to overestimation of blood flow, blood flow values were calculated that theoretically would have resulted in 100% recovery. Such calculations revealed a mean blood flow overestimation of 7.5%. Although it cannot be concluded that all error is due to blood flow determinations, a 7.570 error is not large when the variation in single determinations of Mood flow is considered.
The possible error in accurate determination of P-A differences cannot be neglected. In these studies, P-A differences were large during peak absorption but became increasingly smaller and, thus, more diflqcult to measure accurately toward the end of an experiment. Small P-A differences are often encountered in normal, fed animals, and, unless the method used for measuring a specific blood metabolite is very accurate, large errors are possible. In addition, data points of some radioactivity-time curves did not conform to a smooth curve so that some error was possible in accurately determining P-A differences. Sometimes there were small differences between 3rd or 4th degree Dolynomial curve fits by Method IIL Therefore, selection of the polynomial function used for integration could cause some error in final P-A differences in curve areas.
Our studies indicate that absorption from the gut can be measured by P-A differences and portal blood flow and present a computer program that greatly facilitates handling of the data. The extent to which the method is quantitative depends upon the accuracy with which portal blood flow and P-A differences can be determined.
